Postischemic seizures are associated with worsened outcome following stroke, but the underlying pathophysiology is poorly understood. Here we examined acute seizures in adult mice following hypoxia--ischemia (HI) via combined behavioral, electrophysiological, and histological assessments. C57BL/6 mice aged 4--9 months received a permanent occlusion of the right common carotid artery and then underwent a systemic hypoxic episode. Generalized motor seizures were observed within 72 h following HI. These seizures occurred nearly exclusively in animals with extensive brain injury in the hemisphere ipsilateral to the carotid occlusion, but their generation was not associated with electroencephalographic discharges in bilateral hippocampal and neocortical recordings. Animals exhibiting these seizures had a high rate of mortality, and post-HI treatments with diazepam and phenytoin greatly suppressed these behavioral seizures and improved post-HI animal survival. Based on these data, we conclude that these seizures are a consequence of HI brain injury, contribute to worsened outcome following HI, and that they originate from deep subcortical structures.
Introduction
Stroke is the most commonly identified cause of seizures in the adult and aging populations (Camilo and Goldstein 2004; Feleppa et al. 2006; Menon and Shorvon 2009) . Seizures can occur within 2 weeks (early onset) or months to years (late onset) after stroke, with reported incidences ranging from 2% to 33%. The early-onset seizures are considered a clinical emergency as they largely occur within the first 24 h of stroke and are associated with poor outcome and mortality (Bladin et al. 2000; Jordan 2004 ). Early-onset seizures can be generalized and associated with tonic--clonic convulsions or partial and subclinical, being conclusively detectable only by the electroencephalogram (EEG) (Jordan 2004; Menon and Shorvon 2009) . Currently, the pathophysiology of early-onset poststroke seizures is poorly understood, and a standardized treatment regimen remains to be established (Adams et al. 2007; Kwan and Wood 2010) .
Focal cerebral ischemia in rodents can lead to the development of both early and late-onset seizures when carried out in adult animals (Kelly 2007) . Adult rats exhibit nonconvulsive seizures within a few hours following middle cerebral artery occlusion (Hartings et al. 2003; Karhunen et al. 2006) . These seizures are characterized by EEG discharges in the absence of clear motor manifestations, and their occurrence may exacerbate brain injury as treatments with anticonvulsive drugs reduce seizure incidence, mortality, and lesion size (Hartings et al. 2003; Williams et al. 2004; Williams et al. 2006) . In contrast, early-onset seizures with clear motor manifestations have also been reported in rodent models of focal cerebral ischemia (Lee et al. 1997; Reglodi et al. 2000; Wang et al. 2001; Shabanzadeh et al. 2005) , but a relatively detailed examination of such convulsive seizures is presently unavailable.
The rodent model of hypoxia--ischemia (HI) consists of a permanent unilateral ligation of the common carotid artery and a subsequent episode of global hypoxia, resulting in extensive infarction in the hemisphere ipsilateral to the carotid ligation (Levine 1960; Vannucci et al. 2001; Olson and McKeon 2004; Kadam et al. 2010) . It has been suggested that pattern and course of brain injury following HI resembles the clinical manifestations of large hemispheric stroke (Steiner et al. 2001; Adhami et al. 2006) . Additionally, HI is believed to be particularly relevant to clinical conditions that can result in both diminished cerebral blood flow (CBF) and reduced oxygen tension, such as during coronary bypass or neurovascular surgeries (Olson and McKeon 2004) . The objectives of our current study are 1) to determine whether HI in adult mice can serve as a valid model for studying early-onset poststroke seizures and 2) to examine the behavioral and neurophysiological characteristics of these seizures and their role in influencing post-HI outcome.
Materials and Methods
Animals Male C57BL/6 mice (Charles River Laboratory) at ages of 4--9 months were used as our goal is to model ischemic brain injury and postischemic seizures in adult animals, and mice of 4--9 months may roughly correspond to a human age range of 20--40 years (Flurkey et al. 2007 ). The animals were kept in a vivarium that was maintained at 22--23°C and had a 12:12 h light:dark cycle. Food and water were available ad libitum. All experiments conducted in this study have been reviewed and approved by the animal care committee of the University Health Network. Efforts were taken to minimize pain and the number of animals required and to adhere to the suggested guidelines for preclinical stroke studies (Macleod et al. 2009 ).
Hypoxia--Ischemia HI was conducted as per previous studies (Vannucci et al. 2001; Olson and McKeon 2004) . Mice were operated under isoflurane anesthesia (2%). The right common carotid artery (RCCA) was isolated and ligated with fine surgical thread (Softsilk, United States Surgical) . Care was taken to avoid damage to the vagus nerve and other blood vessels. Hypoxic episodes were conducted 1.5 h after RCAA ligation (unless otherwise indicated), at which point the animals had recovered from anesthesia and exhibited ''normal'' behaviors such as exploring and grooming. An airtight plastic chamber (modular incubation chamber; Billups-Rothenberg) (Wais et al. 2009 ) was used to conduct the hypoxic episode (8% O 2 -92% N 2 for 30 min). Inner air temperature of the chamber was monitored continuously via a fine thermo probe (Digi-Sense; Cole Parmer), and the temperature was maintained at 35--35.5°C (Vannucci et al. 2001 ) via heating pads placed beneath the chamber. Sham control mice received RCAA isolation but not ligation and were exposed to similar conditions except the chamber was flushed with room air. After HI, the animals were allowed free access to food and water. Mandatory euthanization was conducted in compliance with ethical guidelines if animals exhibited long-lasting immobility together with irresponsiveness to touch, and a lack of eating and drinking, which were almost always associated with unsubsiding, severe convulsions. Sham operation (n = 13 mice) or RCCA ligation alone (n = 15 mice) did not result in mortality, seizures, or mandatory euthanization. In 6 mice that were examined 3--4 months following RCCA ligation alone, we did not observe evident brain infarction in cresyl violet stained sections (data not shown). Overall, our observations are in keeping with the notion that RCCA ligation alone does not result histologically recognizable infarction in adult C57BL/6 mice (Olson and McKeon 2004; Adhami et al. 2006; Yoshizaki et al. 2008) .
Behavioral Seizure Monitoring and Treatment
The majority of animals were monitored visually for the first 6 h and again at 48 and 72 h following HI to detect the occurrence of severe (Stages 4--5) behavioral seizures described below. Additionally, 45 animals were continuously monitored via video recordings for the first 24 h following HI for detailed analysis of convulsive behavior. Furthermore, 14 animals (3 with early severe seizures) further underwent 24-h video monitoring at later post-HI times (2--4 times over 1--4 weeks) to detect possible late-onset seizures. The behavioral (motor) seizures were determined using a 0--5 scale established for generalized seizures (Velı´sˇkova´2006). Briefly, stage 0 or 0.5 refers to no abnormality or minor abnormalities such as excessive sniffing or grooming. Stage 1 or 2 refers to isolated myoclonic jerks or atypical clonic seizing. Stage 3 represents fully developed bilateral forelimb clonus, including tonic components and body twists. Stage 4 or 5 corresponds to tonic--clonic seizing with suppressed tonic phase or fully developed tonic--clonic convulsions. In all cases of severe seizures, >2 episodes of stage 4--5 seizures were observed for individual animals.
A group of post-HI animals were treated with a combination of diazepam (0.15 mg/kg) and phenytoin (18 mg/kg). The compounds were obtained in a clinically available injectable form (Sandoz Canada Inc.) and were freshly mixed with saline and administered by intraperitoneal injection (10 ml/kg) either within 5 min after termination of the hypoxic episode (n = 31 mice) or at the onset of the first observed motor seizure (within 3 h post-HI; n = 8 mice). Control animals received saline injections (n = 16 mice). All treated animals were monitored by video recordings for the first 24 h post-HI and visually for 6 h at 48 and 72 h. Seizure assessments were carried out by an experimenter blind to animal information.
Intracranial EEG Recordings
Electrode implantation, data acquisition, and analysis were conducted as we have previously described (Wu et al. 2008; Wais et al. 2009; D'Cruz et al. 2010) . Briefly, the electrodes were made with polyimide insulated stainless steel wires (outside diameter 0.125 mm; Plastics One) and implanted into the hippocampal CA1 area (bregma -2.3 mm, lateral 2.0 mm, and depth 2.0 mm) and contralateral parietal cortex (bregma -0.6 mm, lateral 1.5 mm, and depth 1 mm). A reference electrode was placed into the frontal lobe area (bregma +1.2 mm, lateral 2.0 mm, depth 0.5 mm). In some experiments, recording electrodes were implanted bilaterally in the hippocampal CA1 regions or in entorhinal cortical regions (bregma -4.8 mm, lateral 2.8 mm, and depth 2.5 mm). In telemetry recordings (see below), only the right (ipsilateral to RCCA ligation) hippocampal CA1 or parietal cortex region was recorded. We verified these recordings via histological assessments and EEG characteristics. The tracks of EEG electrodes were verified in cresyl violet-stained brain sections of 17 mice (Supplementary Fig. 1 ). Additionally, brain region-specific and behavioral state-dependent EEG signals, as we (see references above) and others (Buzsa´ki et al. 2003) have previously described, were consistently observed in our experiments. For example, when mice were immobile or sleeping, the hippocampal EEG was dominated by large, irregular activity including intermittent sharp waves, whereas the cortical EEG was dominated by slow waveforms in the delta band (1--3 Hz). In contrast, when mice were moving or exhibiting exploratory behavior, the hippocampal EEG manifested robust rhythmic activity in the theta range (4--12 Hz, theta rhythm), whereas the cortical EEG displayed low amplitude, desynchronized activity ( Supplementary Fig. 2 ).
Baseline EEG activities were recorded after >7 days of recovery from implantation. Recordings were performed during and following HI and intermittently in 2-h sessions at later post-HI times (see Fig. 3 ). Telemetry EEG recordings (see below) were performed continuously for up to 72 h post-HI. To quantify changes in EEG amplitude, mean amplitudes from 1-min EEG segments were calculated. For the calculation of EEG amplitude over time, we have chosen to analyze EEG activity during periods of immobility for three reasons. 1) EEG activity is more stable and larger in amplitude during periods of extended immobility. 2) It is also less prone to movement-related artifacts. 3) Animals are generally immobile during and shortly after the hypoxic episode; thus, in order to maintain consistency and to carry out analyses of EEG amplitude over time (including the hypoxic episode), periods of immobility were analyzed for amplitude. For quantification of hippocampal theta rhythms, 4-s EEG segments during continuous movement were collected (8--10 segments per animal). Power spectra were generated, and peak frequency and power were obtained and averaged for each animal at indicated time-points (see Supplementary Fig. 2 ).
Telemetry Recording
A data acquisition system (Dataquest A.R.T.) with mouse-specific transmitters (TA11ETA-F10; Data Science International) was used for recording body temperature and electrocardiogram (ECG) or EEG. The surgical procedures were modified from Weiergra¨ber et al. (2005) . Briefly, the animal was anesthetized with 2% isoflurane and the ventral abdominal wall was opened to place the transmitter (including a thermosensor) in the peritoneal cavity. For EEG, sensing and reference wires connecting the transmitter were orientated rostrally toward the head via a subcutaneous route. The sensing wire was soldered to an intracranial EEG electrode as described above and the reference wire was placed caudally and epidurally at bregma -5 mm and lateral 1 mm (Weiergra¨ber et al. 2005) . For ECG, the sensing wire was sutured onto the abdominal wall with an exposed piece in close contact with muscles. The reference wire was placed subcutaneously near the neck. To prevent potential infection, animals were treated with the antibiotic enrofloxacine (Baytril; Bayer HealthCare), which was administered orally via drinking water at an estimated dose of 0.7 mg per day, 3 days before, and 5 days after the surgery. To relieve postsurgery pain, animals received a subcutaneous injection of the analgesic metacam (Boehringer Ingelheim, 4 mg/kg). The surgery and transmitter implantation caused no evident abnormality in animal behavior. Measured immediately and 10 days postsurgery, animal body weights were 29.4 ± 0.7 g and 29.2 ± 0.4 g, respectively (n = 11 mice).
Measured 10 days postsurgery and before HI, body temperatures were 37.0 ± 0.22°C and heart rates were 459.6 ± 51.9 beats/min. Overall, these observations are in keeping with previous telemetry studies in mice (Weiergra¨ber et al. 2005; Arraj and Lemmer 2006; Ovechkin et al. 2006) . HI was conducted as described above except the hypoxic chamber was placed onto a telemetry receiver. Body temperature and EEG or ECG were recorded continuously during and following the hypoxic episode. Averages from 3-min recording sections were calculated for baseline assessments and at different times post-HI (see Figs 4B,C).
Doppler Measurements of Cerebral Blood Flow
A laser Doppler system (PF5010) with mouse-specific probes (MTB 500, tip diameter of 0.5 mm; Perimed) was used to measure local cortical blood flow through the skull. These experiments were conducted in anesthetized mice (2% isoflurane) (Adhami et al. 2006) . After isolating and surrounding the RCCA loosely with a suture, the animal was positioned into a stereotaxic frame (David Kopf Instruments) with ear bars and a frontal teeth hook. A custom mouth mask was used to keep the animal anesthetized. Following a skin incision and skull exposure, an MTB probe was positioned onto the skull surface via a micromanipulator. The probe's location was adjusted to ensure a stable and relatively high baseline measurement (perfusion units). The stereotaxic coordinates of probe locations were bregma 2.67 ± 0.21 mm and lateral 1.92 ± 0.11 mm (n = 10 mice). Under these conditions, blood flow measurements were insensitive to movement-related artifacts. During the measurement, the animal was warmed by a heating bag, and its rectal temperature was maintained at 37-37.5°C. After baseline measurements, HI was carried out by tying the prepositioned suture followed 5 min later by changing the isoflurane delivery air from 100% O 2 to 8% O 2 to 92% N 2 . Blood flow (perfusion units) was sampled continuously every 1 s. Averages from 3-min segments were calculated from individual animals at baseline and at different times post-HI, and data were normalized as percent of baseline blood flow (see Fig. 4A ).
Histology
Histological assessments of brain tissues were conducted as we previously described (Wu et al. 2005; Wais et al. 2009 ). Briefly, mice were anesthetized with an intraperitoneal injection of sodium pentobarbital (70 mg/kg, Somnotol; WTC Pharmaceuticals) and transcardially perfused with a 10% neutral buffered formalin solution. The brain was removed, and a series of coronal sections were obtained at 8--50 lm thickness and stained with cresyl violet. The use of 50-lm sections was for better preservation of injured brain tissue during sectioning and for convenience in verifying EEG electrode tracks. Stained sections were photographed under a dissecting microscope, and measurements of infarct area were conducted using Image J software (National Institute of Health). Quantification of infarct area was adapted from Adhami et al. (2006) . Infarct area was estimated at 8 coronal planes corresponding to bregma -3.2 mm, -2.4 mm, -1.5 mm, -1.1 mm, -0.2 mm, 0.5 mm, 1.2 mm, and 1.9 mm (Franklin and Paxinos 1997) . Ipsilateral infarction was expressed as the percent reduction in total ipsilateral relative to total contralateral hemispheric area at each plane.
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL, Millipore Corporation) and FluoroJade C (Histo-Chem, Inc.) staining was carried out on 20-lm fixed sections according to manufacturer's instructions and protocols established in our previous studies (Austin and Fehlings 2008; Wais et al. 2009; Yu et al. 2009 ). TUNEL sections were costained with 4'-6-diamidino-2-phenylindole(DAPI, Millipore) to verify nuclear localization of TUNEL-positive signals (data not shown). For quantification of fluorescent signals, images were acquired with a 320 objective, resulting in an imaging field of 0.13 mm 2 . The imaging field was restricted to regions of the temporal cortex (perirhinal and entorhinal areas) because of the high vulnerability of these regions in our HI model. Signal counting was carried out with Image J software. Counts from three brain sections were averaged per animal and were expressed as total count per square millimeter.
Analyses of all histological data were carried out by an experimenter blind to individual animal information.
In Vitro Electrophysiology
The procedures for preparing brain slices and in vitro electrophysiological recordings were identical to our previous studies (Wu et al. 2005; Wais et al. 2009 ). Hippocampal CA1 field excitatory postsynaptic potentials (fEPSPs) were recorded from both ipsilateral and contralateral hemispheres. Some brain slices were fixed, resectioned (50 lm), and stained as described above with cresyl violet to verify hippocampal injury.
Statistical Analyses
Statistical tests were conducted via SigmaStat software (11th version; Systat Software Inc, San Jose, California, USA). For direct comparison of two groups, a Student's t-test or Mann--Whitney Rank Sum Test was carried out. For multiple group comparisons, a one-way analysis of variance (ANOVA) or a one-way ANOVA on ranks was employed followed by a multiple comparison Holm-Sidak, Dunn's, or Student--Newman--Keuls test. For multiple group comparisons over time, a twoway repeated-measures general linear model ANOVA was employed, followed by a Holm--Sidak multiple comparison pairwise test. For comparing proportions, a Chi-square or Fisher Exact test was employed. Significance was set at P < 0.05. Mean and standard error of the mean are presented throughout the text and figures.
Results

HI Induces Ipsilateral Brain Injury in Adult Mice
HI Episodes and Resulting Mortality
In our experiments, adult mice received a permanent ligation of the RCCA and then underwent a global hypoxic episode (8% O 2,~3 0 min). The latter was conducted mainly in nonanesthetized animals (Vannucci et al. 2001; Olson and McKeon 2004 ) (except where indicated) in an attempt to avoid the possible confounding effects of anesthetics on seizure genesis. When exposed to the hypoxic episode, the animals usually exhibited a brief period of arousal and movement but were generally immobile throughout the hypoxic episode. The majority of animals were able to tolerate the 30-min hypoxic episode; however, hypoxia was immediately terminated if animals showed evident respiratory depression or distress. Four animals died during the hypoxic episode and were excluded from further analysis. After the hypoxic episode, the animals were monitored by a combination of visual inspection and video camera recording and allowed to survive for up to 6 weeks prior to histological and in vitro electrophysiological assessments.
Mortality occurred in 30.9% (26 of 84) of mice within 72 h following HI. Mortality was defined as either spontaneous death (15 mice) or mandatory euthanization (11 mice) in compliance with ethical guidelines (see Materials and Methods). Of the 11 mice euthanized within 72 h post-HI, histological assessments of brain injury were carried out in 8 mice, and in vitro electrophysiology was conducted in 3 mice (see below). Extensive injury of the hemisphere ipsilateral to RCAA ligation, but not the contralateral hemisphere, was qualitatively observed in all 8 mice. Such ipsilateral injury manifested as weak cresyl violet staining throughout the ipsilateral hemisphere (Fig. 1B) .
Histological Assessments of Brain Injury at Later Post-HI Times
Detailed histological assessments were conducted in 30 mice that survived for up to 6 weeks post-HI. As previously described by others (O'Donnell et al. 2002; Olson and McKeon 2004; Kadam et al. 2010) , we observed variability in the proportion of animals demonstrating clear brain injury post-HI. In 36.7% of animals (11 of 30), no clear evidence of brain injury was observed (Fig. 1C) . Tissue integrity was macroscopically similar to that in sham operated animals (n = 5 mice) (Fig. 1A) . In contrast, evident (visible to the naked eye) cystic infarcts were observed in the remaining 63.3% of animals (19 of 30). In these animals, infarcts consistently manifested in large regions of the ipsilateral hemisphere, including large portions of the temporal cortex, hippocampus, striatum, and thalamus, while general tissue integrity was preserved in medial areas and in the contralateral hemisphere (Fig. 1D) . Quantification of infarct area was carried out in animals that exhibited clear ipsilateral infarcts upon gross histological examination, and this revealed an estimated 32--42% loss of brain tissue in the ipsilateral hemisphere (relative to the contralateral hemisphere) when measured at 8 coronal planes (Fig. 1E) . Overall, our observed incidences of infarction and mortality following HI are in line with previous studies (Vannucci et al. 2001; Olson and Sections were obtained at 6 weeks post-HI. Note that gross brain structure is intact in (C), whereas in (D), there are extensive cystic infarcts in the ipsilateral hemisphere (right hemisphere). (E) Injury of the ipsilateral hemisphere was quantified at the 8 coronal planes described above (n 5 19 mice). Only animals exhibiting gross ipsilateral lesions as in (D) were included for analysis. Infarcted regions were quantified as % reduction in ipsilateral hemisphere area relative to contralateral hemisphere area.
As described by others (Olson and McKeon 2004; Adhami et al. 2006; Kadam et al. 2010) , our data indicate that a proportion of animals fail to demonstrate clear cystic infarcts upon gross histological examination at 6 weeks post-HI. Hence, to examine the possibility of subtle brain injury and to further characterize post-HI brain injury, we carried out TUNEL staining, a marker of apoptosis, and FluoroJade staining, a marker for degenerating cells, assessed at 72 h post-HI. At 72 h post-HI, we did not observe large cystic infarcts as described above; rather, the ipsilateral hemisphere was characterized by sparse and weak cresyl violet staining ( Fig. 2A, right) . In animals that demonstrated such gross ipsilateral injury, a statistically significant increase in TUNEL and FluoroJade-positive signals (Figs 2B,C, right) was observed in the ipsilateral temporal cortex relative to the contralateral cortex and sham controls (P < 0.05; one-way ANOVA on ranks; Student--Newman--Keuls test; n = 5 mice; Figs 2D,E). In addition, TUNEL and FluoroJade-positive signals were also observed in parietal cortical, hippocampal, and thalamic areas of the ipsilateral hemisphere (data not shown). Thus, as previously reported in mice with gross ipsilateral injury (Olson and McKeon 2004) , TUNEL and FluoroJade signals correlate with the regions of brain injury demarcated by cresyl violet staining within 72 h post-HI.
Interestingly, in 5 mice lacking clear ipsilateral injury (based on cresyl violet-stained sections; Fig. 2A, middle) , we also observed TUNEL and FluoroJade-positive signals ( Figs 2B,C,  middle) . However, these signals were generally less extensive in number and less uniform in localization compared with the animals with gross ipsilateral brain injury described above. When data from 5 mice were pooled together, there were significantly more FluoroJade-positive cells in the ipsilateral temporal cortex relative to the contralateral cortex and sham controls; however, the number of FluoroJade-positive cells was significantly lower relative to animals with gross ipsilateral lesions (P < 0.05; one-way ANOVA on ranks; Student--Newman--Keuls test; n = 5 mice; Fig. 2E ). Although ipsilateral TUNEL signals were clearly evident in 2 of 5 mice examined, the overall ipsilateral TUNEL signals were not significantly different from the contralateral hemisphere or sham controls (Fig. 2D) . These observations suggest that HI can result in a spectrum of brain injury post-HI, including a subtle mode of brain injury, characterized by sporadic and localized regions of cell injury, which may evade detection by gross histological inspection with cresyl violet.
Electrophysiological Assessments in Brain Slices In Vitro
To corroborate the above histological findings, we carried out in vitro electrophysiological recordings from acutely prepared brain slices. Our focus was on the hippocampal CA1 region because the ipsilateral hippocampus is consistently injured following HI. CA1 fieldEPSPs were evoked by electrical stimulation of the Schaffer collateral pathway at near maximal intensity and were recorded from slices that were prepared from both ipsilateral and contralateral hemispheres. Some slices were histologically processed with cresyl violet to confirm hippocampal injury. Measurements from multiple slices were averaged for each animal, and data were grouped for animals with or without clearly recognizable hippocampal injury ( Figs 3A,B) . For the animals with gross hippocampal injury recognized either within 72 h (3 mice) or 6 weeks (4 mice) post-HI, the amplitude of ipsilateral CA1 field EPSPs was severely depressed. Because only a small number of mice were examined, data for both timepoints were pooled together. Ipsilateral EPSP amplitude (0.15 ± 0.05 mV, n = 7 animals) was significantly smaller than both the contralateral (1.0 ± 0.07 mV, n = 13 animals) and sham control (1.27 ± 0.08 mV, n = 8 animals; P < 0.01, one-way ANOVA; Holm--Sidak test) responses. In contrast, in the animals lacking clear injury post-HI, the amplitudes of ipsilateral and contralateral CA1 field EPSPs were not significantly different from each other (0.93 ± 0.12 mV vs. 0.97 ± 0.09 mV, n = 7 animals) or from the sham controls (1.27 ± 0.08 mV, n = 8 animals). These observations provide additional evidence indicating that HI induces ipsilateral brain injury in a proportion of adult mice under our experimental conditions.
Intracranial Electroencephalographic (EEG) Recordings in Free-Moving Mice
The suppression of EEG activity is believed to reflect of the extent of cerebral ischemia (Raffin et al. 1991; Hartings et al. 2003; Jordan 2004) , and EEG amplitude is employed clinically as a parameter to assess outcome following neonatal hypoxicischemic encephalopathy (Shalak et al. 2003; Tao and Mathur 2010) . We thus conducted intracranial EEG recordings in freemoving, nonanesthetized mice; specifically, we recorded bilateral hippocampal and/or cortical EEG signals, measured the changes in EEG amplitude, and then correlated these measurements to brain injury and mortality.
As we previously described (Wu et al. 2008; Wais et al. 2009; D'Cruz et al. 2010) , behavioral state-dependent, ''physiological'' EEG signals were observed in all animals examined during baseline monitoring (see Materials and Methods and Supplementary Fig. 2) . HI resulted in a marked reduction in ipsilateral EEG amplitude, but the magnitude of the reduction in EEG amplitude was related to outcome. Specifically, in animals with later recognized gross ipsilateral brain injury or acute mortality (Fig. 3D) , the ipsilateral hippocampal EEG signals were greatly decreased (to 19.8% of baseline) at the end of the hypoxic episode and remained significantly decreased at 1 h, 1 day, 1 week, and 4--6 weeks later relative to sham control animals ( Fig. 3C) and to animals lacking gross brain injury (Fig. 3E) (P < 0.001; two-way ANOVA; Holm--Sidak test; Fig. 3F ). In contrast, in mice without gross ipsilateral brain injury, the mean amplitude of ipsilateral hippocampal EEG signals was significantly decreased at the end of hypoxic episode (to 51.7% of baseline) relative to sham control animals (P < 0.05; two-way ANOVA; Holm--Sidak test; Fig. 3F ), but no significant difference was observed by 1-day post-HI and at later time points. Contralateral EEG amplitude was generally unaffected by HI (data not shown). Furthermore, significant attenuation of the hippocampal theta rhythm, which is implicated in spatial memory, was also observed in the animals with clear ipsilateral brain injury ( Supplementary Fig. 2 ). Based on these observations, we suggest that intracranial EEG signals are a sensitive marker for continuous in vivo assessments of both the extent of cerebral ischemia and subsequent HI-induced brain injury in adult mice.
Potential Factors that Influence Post-HI Outcome
Cerebral Blood Flow
To explore whether the magnitude of cerebral ischemia during HI could account for the observed dichotomy in brain injury, we measured CBF using a laser Doppler system in anesthetized mice. Doppler measurements revealed no consistent change in CBF in sham-operated mice (n = 5). In contrast, the HI episode caused significant reductions of ipsilateral CBF (n = 10 mice; Fig. 4A ). These mice were sacrificed 7--10 days later for histological assessments of ipsilateral brain injury. Of the 10 mice subjected to HI, 5 animals exhibited clear brain injury in the ipsilateral hemisphere as described above. When the CBF measurements were grouped based on subsequent histological outcomes, the overall decrease by combined RCCA ligation and hypoxia was greater in the animals with clear ipsilateral brain injury (90.3 ± 1.2%) than those without such injury (64.6 ± 6.8%, P < 0.01, Mann--Whitney rank sum test; Fig. 4A, right) . The reductions of CBF by the RCCA ligation alone were not statistically different between the two groups (to 53.3 ± 4.7% vs. 45.2 ± 4.2% of the baseline, respectively).
Body Temperature
Under our experimental conditions, the chamber for the hypoxic challenge was warmed to keep inner air temperature at 35--35.5°C (Vannucci et al. 2001; Olson and McKeon 2004) in an attempt to prevent or minimize potential hypothermia that might occur during the hypoxic episode. To explore whether changes in body temperature may influence the post-HI outcomes described above, we measured body temperature from nonanesthetized animals using a telemetry system (Fig. 4B ). Animals were continuously monitored before and following the hypoxic episode and allowed to recover for up to 7 days before histological assessments of brain injury. Data were grouped for animals with (n = 7) and without (n = 7) clear injury in ipsilateral hemisphere. In animals lacking clear brain injury, no significant changes in body temperature relative to baseline were observed (Fig. 4B, right) . In animals with clear brain injury, body temperature was significantly increased relative to baseline at the end of the hypoxic episode and at 15-min posthypoxia (from 37.2 ± 0.2°C to 38.7 ± 0.4°C and 38.6 ± 0.4°C, respectively; P < 0.01; two-way ANOVA;
Holm--Sidak test), and returned to baseline values at later times (Fig. 4B, right) . A group difference in body temperature was observed only at 15 min posthypoxia (P < 0.01; two-way ANOVA on ranks; Holm--Sidak test) and not at other time points (Fig. 4B, right) . The moderate hyperthermia is in keeping with that described for rats subjected to middle cerebral artery occlusion (Williams et al. 2004 ; Williams et al. 2006 ) and may contribute to post-HI brain injury. However, in animals subjected to HI under isoflurane anesthesia, we did not observe hyperthermia during the course of HI; on the contrary, rectal temperature was transiently and significantly decreased in animals with clear ipsilateral brain injury relative to those without ( Supplementary Fig. 3 ).
Heart Rate
We conducted telemetry ECG recordings to examine heart rate in nonanesthetized mice. The changes in heart rate were similar in animals with (n = 4) and without (n = 2) clear injury in the ipsilateral hemisphere; therefore, data were pooled together (Fig. 4C) . Heart rate was significantly increased from baseline when measured at the end of hypoxia (from 475.5 ± 63.9 to 712.6 ± 29.4 beats per min, P < 0.01, one-way ANOVA, Holm--Sidak Test). This increase might reflect a transient compensatory mechanism to boost cardiac output under hypoxic stress as heart rate quickly returned to baseline levels when measured at 10 min after termination of the hypoxic episode. Irregular ECG signals were not observed in any of the 6 mice following HI.
In summary, our CBF measurements are in accordance with a previous study (Adhami et al. 2006) , demonstrating that HI results in a significant decline in ipsilateral CBF. In addition, we also assessed body temperature and heart rate from nonanesthetized mice subjected to HI. Our data indicate that there are transient changes in both these parameters. However, these systemic alterations are unlikely to be major determinants of the ipsilateral brain injury described above. We suggest that differences in the extent of experimentally induced cerebral ischemia are largely responsible for the two distinct neurophysiological and histological outcomes presented above.
Seizures Are a Worsening Factor for Post-HI Survival
Post-HI seizures were detected through a combination of video monitoring and visual inspection (see Materials and Methods). Of 76 animals examined, 33 mice (43.4%) exhibited at least two severe motor seizures within 72 h post-HI. These convulsive seizures were characterized by generalized tonic--clonic components, as well as by jumping, fast running, barrel rolling, and/or falling with loss of the righting reflex. In general, these seizures occurred while the animals were in a waking, immobile state, and they manifested with a sudden onset without noticeable preceding behavioral signs. In addition, these animals also exhibited moderate convulsive behaviors such as jerks, tremors, shakes, and prolonged rearing without exploratory activity. Data obtained from 24-h video monitoring revealed that convulsive activities occurred with a latency of 2.12 ± 0.48 h following HI, and the mean incidence of convulsions was 0.69 ± 0.065 events per hour (n = 20 mice). The overall convulsion severity was 3.88 ± 0.16 as per the 0--5 scale previously established for primary generalized seizures (Velı´sˇkova´2006). In contrast, severe motor seizures and convulsive behavior were absent in the remaining 43 mice (57.6%) examined. Furthermore, convulsive activity was not observed in 14 mice examined 1--4 weeks post-HI. Of these 14 mice, 3 mice had exhibited severe seizures within 72 h of HI. However, as our video and EEG monitoring were intermittent, we may have failed to detect the occurrence of chronic or lateonset postischemic seizures in this group of animals. Examination of the relationship between severe seizures and subsequent outcome revealed two important features. First, there is a close association between seizures and brain injury. Seizures were detected in 20 of 39 mice (51.3%) with clear ipsilateral brain injury but only in 1 of 23 (4.3%) mice without clear brain injury. Thus, the probability of observing seizures was significantly higher in animals with ipsilateral brain injury than in animals lacking such brain injury (P < 0.001, Fisher Figure 4 . HI-induced changes in CBF, body temperature, and heart rate. (A) Laser Doppler measurements of CBF in ipsilateral hemispheres. Left, representative measurements were collected from a sham-operated mouse (top) and 2 mice (middle and bottom) following ligation of the RCCA (arrow) and hypoxic episodes (thick line). Measurements are presented as % of baseline. Note a more substantial decrease in ipsilateral CBF during hypoxia in one mouse (black trace) relative to another mouse (gray trace). Right, measurements were quantified as % change relative to a 3-min baseline after the occlusion of the RCCA and at the end of hypoxia or 1-h control monitoring. Data were grouped for mice with or without infarcts. *P \ 0.01. (B) Telemetry measurements of intraperitoneal temperatures. Left, representative measurement from a mouse with later recognized ipsilateral infarcts. A continuous data section was collected before (post-RCCA occlusion) and following the hypoxic episode (thick line). Right, a summary of telemetric temperature measurements. Data were collected at 10 days postimplantation (baseline) and at different times, that is, at 1.5 h post-RCCA occlusion (o), at the end of hypoxia (h), 15 min posthypoxia (p), and 18--24 h later. Data for mice with or without infarcts were similarly grouped as in (A). *P \ 0.01. (C) Telemetric ECG. Left, representative traces were collected form the mouse indicated in (B). Right, hear rates were measured at different times as similarly indicated in B. *P \ 0.05. Exact test; Fig. 5A ). Second, the occurrence of severe seizures is tightly linked to mortality. Mortality occurred in 21 of 33 (63.6%) mice with severe seizures but only in 4 of 43 mice (9.3%) without severe seizures. The rate of mortality was significantly greater in animals with seizures (P < 0.001, Fisher Exact test; Fig. 5B ). We thus suggest that acute seizures are associated with ipsilateral brain injury and subsequent mortality following HI.
EEG Activity during Seizures
The EEG is a widely used diagnostic tool for detecting postischemic seizures in both animal models and humans (Jordan 2004; Kelly 2007) . We thus examined whether post-HI behavioral seizures are associated with electrographic discharges in the hippocampus and cortex.
Wired EEG recordings (Wu et al. 2008) were successfully conducted in 36 animals. Both during and within a few minutes following the HI, a single episode of a low-amplitude rhythmic discharge (15--40 spikes per second, duration of 4--18 s) was observed in the ipsilateral hippocampus or cortex but not in the contralateral counterpart structures in 8 of 36 mice (22.2%) examined (Fig. 6A, left, 6B left) . Prior to, during, and following these discharges, the animals were completely immobile and displayed no evidence of convulsive behavior. Thus, these discharges may represent a type of focal, nonconvulsive epileptiform activity, resulting as a consequence of hypoxiainduced hyperexcitability. It is worth noting that 7 of the 8 animals displaying such epileptiform discharges either died or demonstrated clear ipsilateral brain injury.
Surprisingly, no evident electrographic discharges were observed to precede or coincide with the severe motor seizures described above. Motor seizure events ( >3 events per animal) were encountered during EEG recording sessions from the ipsilateral hippocampus (n = 10 mice), ipsilateral entorhinal and parietal cortices (n = 5 mice), contralateral hippocampus (n = 2 mice), and contralateral parietal cortex (n = 10 mice). Importantly, ipsilateral EEG activity was profoundly suppressed relative to baseline prior to these behavioral convulsions. However, in correlation with such vigorous motor convulsions, EEG signals were frequently contaminated with large artifacts (due to movement-related interference by recording cables), which might mask potential EEG discharges (Fig. 6A, right, 6B, right) . We thus conducted telemetry EEG recordings in an attempt to minimize wire artifacts. In 4 animals that exhibited severe seizures following HI, no EEG discharges were observed before and during motor . Post-HI convulsive seizures are not associated with cortical or hippocampal EEG discharges. EEG traces were collected from 3 animals via wired (A, B) and telemetry (C) recordings. (A) Ipsilateral hippocampal and contralateral cortical EEG signals were recorded simultaneously during and following hypoxia. Left, a low-amplitude discharge was recorded from the ipsilateral hippocampus during hypoxia in correlation with behavioral immobility. Right, EEG traces recorded from the same animal before and during the early phase of a seizure event that occurred post-HI. Shaded segments were expanded. Note that no discharges were recognizable prior to the seizure event and the large amplitude artifacts (truncated) associated with the seizure. (B) Left, low-amplitude discharge recorded from the ipsilateral cortex 20 min following HI in correlation with behavioral immobility. Right, EEG signals from the same animal recorded before and during the early phase of a seizure event that occurred post-HI. Note again that no EEG discharge was observed to precede the behavioral seizure. (C) Ipsilateral cortical EEG was recorded telemetrically before, during, and following a seizure event (fast run and jump) that occurred post-HI. Note that no discharges were recognizable prior to or during the seizure event.
Cerebral Cortex December 2011, V 21 N 12 2871 seizures (Fig. 6C) . These observations indicate that acute behavioral seizures following HI are not associated with generalized electrographic discharges in the cerebral cortex or hippocampus. We thus suggest that these behavioral seizures originate from deeper subcortical structures.
Treatment of Post-HI Animals with Anticonvulsants
To further examine the relationship between seizures and post-HI outcome, we treated animals with a combination of diazepam (0.15 mg/kg) and phenytoin (18 mg/kg). The combination and respective dosages of this treatment are based on the protocol recommended for controlling status epilepticus in clinical settings (Meierkord et al. 2010) . Prophylactic treatment has been shown to be far more effective at controlling nonconvulsive seizures in rats following middle cerebral artery occlusion (Williams et al. 2004; Williams et al. 2006) ; thus, both drugs were administered prophylactically within 5 min following HI and prior to detectable motor seizures. Treatment with diazepam and phenytoin significantly reduced the proportion of animals exhibiting severe behavioral seizures following HI. Seizures were observed in 7 of 16 mice (43.7%) that received saline injections but only in 2 of 31 mice (6.4%) treated with diazepam and phenytoin (P < 0.01, Fisher Exact test; Fig. 7A ). Moreover, the drug treatment significantly reduced mortality following HI. Mortality was encountered in 5 of the 16 mice (31.2%) that received saline injections and only in the two treated animals described above in which seizures were refractory to treatment (P < 0.05, Fisher Exact test; Fig. 7B ). However, the proportion of animals that developed clear ipsilateral brain injury was not significantly different between saline-injected (8 of 11 mice) and the drug-treated (16 of 31 mice) groups. In addition, the extent and magnitude of ipsilateral brain injury were similar between the salineinjected and drug-treated animals (Fig. 7C) . Utilizing the same combination of diazepam and phenytoin, we also treated 8 mice at the onset of the first observable seizure (within 3 h post-HI). Seizures were transiently suppressed in all 8 animals but were observed again within a period of 24--72 h following the treatment. Mortality occurred in 7 of 8 mice (87.5%) subjected to delayed treatment. Taking the observations together, we suggest that prophylactic treatment with diazepam and phenytoin reduces the incidence of acute behavioral seizures and improves survival following HI but is insufficient to influence the extent of brain injury. Our results are in accordance with previous studies utilizing phenytoin in neonatal rats following HI episodes (Vartanian et al. 1996) and in adult rats following focal ischemic episodes (Williams et al. 2004) . However, other anticonvulsants and/or higher dosages of diazepam and phenytoin need to be tested to fully explore this issue.
Discussion
We report here that HI episodes induce severe, early-onset convulsive seizures in adult mice. These seizures result from extensive, lateralized cerebral ischemia, and they exert a strong influence on post-HI survival.
Variable Post-HI Outcome Is Determined by the Extent of Cerebral Ischemia Under our experimental paradigm, extensive ipsilateral brain injury following HI was observed in 71% of animals subjected to detailed histological assessments. In addition, mortality within 72 h post-HI was encountered in 30.9% of animals. Overall our observations are in accordance with the previously reported proportions of animals demonstrating brain injury and mortality following HI (Vannucci et al. 2001; O'Donnell et al. 2002; Olson and McKeon 2004; Adhami et al. 2006) .
As similarly described by others, we observed that~29% of animals did not exhibit clear ipsilateral brain injury post-HI when assessments were made based on gross histological examination with cresyl violet. To further investigate this issue and to assess the possibility of subtle brain injury in these animals, we carried out TUNEL and FluoroJade staining at 72 h post-HI. We observed TUNEL and FluoroJade-positive signals in these animals, yet the density and uniformity of these signals were highly variable and were relatively lower when compared with animals that exhibited clear gross brain injury. These results indicate that a subset of post-HI mice may exhibit subtle brain injury that would escape detection by standard histological assessments; however, future examinations are required to characterize this issue and to reveal underlying mechanisms and functional consequences.
Nonetheless, in an attempt to explain the variable outcome in this model, we measured CBF, body temperature, and heart Mortality was encountered in 5 of 16 (31.2%) saline-injected animals and in the 2 of 31 (6.4%) drug-treated animals described above in which seizures were not controlled. *P \ 0.05. (C) Above, representative images were obtained from 2 mice following saline or drug injection. The images were taken from coronal sections corresponding approximately to bregma À1.5 mm. Note the extensive injury in the ipsilateral (right) hemisphere in both images. Below, detailed histological assessments were conducted 6 weeks post-HI for saline-injected (n 5 6) and drug-treated (n 5 12) animals. Ipsilateral brain injury was quantified as described in Figure 1 , and data were expressed as % reduction in ipsilateral to contralateral hemispheric area. No significant group differences were observed at the 8 different coronal planes examined.
rate in animals undergoing HI. After analyzing the relationship between these physiological parameters and brain injury, we suggest that the individual variability encountered in our experiments is largely a consequence of variable cerebral ischemia. In addition, to assess HI-induced changes in synaptic function, we carried out both chronic intracranial EEG recordings in free-moving mice and electrophysiological recordings in brain slices in vitro. The suppression of EEG activity is believed to reflect of the extent of cerebral ischemia (Raffin et al. 1991; Hartings et al. 2003; Jordan 2004) , and EEG amplitude is employed clinically as a parameter to assess outcome following neonatal hypoxic-ischemic encephalopathy (Shalak et al. 2003; Tao and Mathur 2010) . Here, we provide data indicating that the magnitude of EEG amplitude suppression in addition to the disruption of intrinsic brain rhythms are good indicators for long-term assessments of brain injury following hypoxic-ischemic insults in mice. Collectively, we provide convergent evidence indicating that HI induces severe ipsilateral cerebral ischemia in a large proportion of adult mice and is suitable for examining long-term behavioral and neurophysiological outcomes. Multiple mechanisms may underlie the variability in the proportion of animals developing ipsilateral brain injury in the HI model, including anatomical variation in the completeness of the Circle of Willis (Beckmann 2000) , different susceptibility to hypoxic challenges (Olson and McKeon 2004) , and variable intravascular coagulation following HI (Adhami et al. 2006) .
Main Features and Pathological Significance of Post-HI Seizures
Previous studies have reported the occurrence of both nonconvulsive and convulsive seizures in adult animals following focal cerebral ischemia (see references in Introduction); however, a detailed examination of convulsive motor seizures is lacking. Using HI as a model for cerebral ischemia in adult mice, we have provided novel insights and an overall characterization of postischemic convulsive seizures. Our observations can be summarized into four main points: 1) Seizures are early-onset, occurring largely within 24 h post-HI. 2) They are generalized motor seizures. 3) Generation of these seizures is a result of extensive brain injury because the seizures occur nearly exclusively in animals with extensive brain injury but not in animals without such injury. 4) These seizures play a critical role in influencing animal survival because acute mortality is roughly 7 times higher in animals with seizures and post-HI mortality is reduced by anticonvulsants. Based on these data, we hypothesize that the early-onset, convulsive seizures are a major pathological component in the mouse model of HI. Furthermore, the strong association of post-HI seizures and brain injury we have observed is similar to the recently advanced concept of ''no lesion, no epilepsy,'' regarding the development of late-onset epileptogenesis following HI in neonatal rats (Kadam et al. 2010 ). We thus suggest that both early and late-onset seizures following ischemic episodes are intimately associated with the process of ischemic brain injury.
The mechanism of genesis and the anatomical source of early post-HI seizures remain to be elucidated. We were unable to detect cortical and hippocampal EEG discharges during these seizures. This is unlikely due to technical limitations as our recording method permits reliable detection of EEG discharges in juvenile mice during hypoxic challenges (Wais et al. 2009 ) and in adult rats following intrahippocampal injections of cobalt (He et al. 2009 ). In addition, our telemetry recordings from the hippocampus and cortex are minimally affected by movement-related artifacts and are thus optimal for detecting EEG discharges during convulsive seizures. Although the number of EEG recordings from some brain regions was low in our study due to the difficulty of maintaining stable recordings during motor seizures, our data clearly indicate that post-HI convulsive seizures are not associated with EEG discharges in the hippocampus or cerebral cortex. This finding is contrast to previous studies that have demonstrated that acute postischemic seizures following middle cerebral artery occlusion are nonconvulsive and are associated with clear, large amplitude EEG discharges that originate from ipsilateral perilesion sites (Hartings et al. 2003; Karhunen et al. 2006) . Collectively, our observations raise the intriguing possibility that the severe convulsive seizures observed in adult mice following HI originate from deeper brain structures without cortical or hippocampal involvement. Subcortical structures can play a crucial role in the genesis of generalized tonic--clonic seizures (Miller 2010) , and subcortical stroke can result in behavioral convulsions (Saposnik and Caplan 2001) . The possible involvement of subcortical structures in post-HI seizures may explain mortality as these structures are critically involved in regulating vital, involuntary respiratory, and cardiovascular functions.
The treatment regimen and a clear assessment of the benefits regarding the administration of anticonvulsants to stroke patients remain to be standardized and resolved in clinical practice (Adams et al. 2007; Kwan and Wood 2010) . Some experimental studies have explored this issue, particularly regarding early-onset, nonconvulsive seizures in rats following middle cerebral artery occlusion (Williams et al. 2004; Williams et al. 2006) . In these studies, prophylactic treatments with anticonvulsive drugs collectively reduced the incidence of these nonconvulsive seizures, mortality, and brain injury. In our experiments, post-HI prophylactic treatment with diazepam and phenytoin significantly reduced seizure incidence and mortality. These data are in line with previous experimental studies and further support the hypothesis that early-onset seizures, whether convulsive or not, are critical for influencing overall poststroke outcome. However, our observations indicate that the extent of ipsilateral brain injury was not significantly improved in animals treated with anticonvulsants. Moreover, delayed treatment at seizure onset was ineffective in preventing mortality. It remains to be tested whether other anticonvulsants, particularly those with a wide pharmacological spectrum (Williams et al. 2004 , 2006 Meierkord et al. 2010 , are more effective in protecting against HI brain injury.
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